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Introduction
Heat and salt are distributed and circulated throughout the
world’s oceans via the global thermohaline circulation. The
oceans adjacent to southern Africa form an important component
of this circulation.
The Agulhas Current is the western boundary current of the
South Indian Ocean and acts as a link between the Indian and
Atlantic oceans1 in the following way. South of Africa the current
retroflects abruptly and about 90% of its water mass transport is
returned to the South Indian Ocean.2 Shedding of huge Agulhas
rings at the retroflection and the advection of filaments—from
the upper layers of the landward border of the current—account
for the remaining 10% of Agulhas Current water mass transport.
These Agulhas Current products leak into the South Atlantic
Ocean; the annual contribution to inter-basin salt exchange of
filaments being about 15% of that of Agulhas rings.3 The South
Atlantic is unique as an ocean basin since it is the only one in
which there is a net equatorward heat transport.4 This may be
largely controlled by the process of inter-ocean exchange south
of Africa. In fact, modelling studies indicate that the transfer of
water between the Atlantic and Indian oceans controls the rate
of thermohaline overturning of the whole Atlantic Ocean.5
The fate of Agulhas rings, as well as the mechanisms by which
they distribute their heat and salt content into the Atlantic
Ocean, have been subjected to intense scientific scrutiny, e.g. in
the Mixing of Agulhas Rings Experiment (MARE)6 and in the
Cape of Good Hope Experiments (KAPEX).7 Investigations by
Schouten et al.8 have demonstrated, for instance, that rings may
dissipate very rapidly in the Cape Basin, west of Cape Town. Per-
sistent ring–eddy interactions between Agulhas rings and
smaller cyclonic eddies9 suggest one possible mechanism by
which the physical properties of an Agulhas ring may rapidly be
eroded. The Cape Basin therefore plays an integral role as a
region of mixing and stirring in the Indian–Atlantic inter-ocean
exchange.
The flux of salt by the other leakage component, Agulhas
filaments, has been estimated as making a much smaller contri-
bution to inter-ocean leakage than that of Agulhas rings.3 The
mixing processes undergone by these features have therefore
been considered of lesser importance and have not been studied
as yet. Early work10 has suggested that they follow the coastal
upwelling front along the southwestern coast of South Africa,
thereby intensifying this front. Fortuitous observations at sea
have now made it possible to make a first contribution to an
understanding of the mixing processes of Agulhas filaments.
Data and processing
In late December 1996, the F.R.S. Africana successfully surveyed
an apparent dipole vortex in the southeastern Atlantic Ocean
(Fig. 3). Hydrographic data were sampled with a Neil Brown
Instrument Systems Mark III CTD (conductivity–tempera-
ture–depth) unit and Sippican T7 XBTs (expendable bathy-
thermographs) were launched between CTD stations. All
calibration and validation of the hydrographic data set were
completed at the Marine and Coastal Management (MCM)
division of the Department of Environmental Affairs and Tour-
ism. Prior to deployment, XBTs were calibrated against sea-
surface temperature with a Crawford Bucket.11 The CTD probe
was calibrated at MCM before and after the cruise. Pressure was
calibrated against a Budenberg Dead Weight Tester, and temper-
ature was calibrated against a Hewlett Packard 1804A quartz
thermometer. Salinity samples were obtained at selected stations
for calibration purposes and MATLAB conversion software was
used to apply the salinity corrections and a median filter to the
CTD data. Outliers were removed.
Two sources of sea-surface temperature data, obtained from
the Advanced Very High Resolution Radiometer (AVHRR) on
board polar-orbiting satellites of the NOAA series, were used
to monitor the circulation after the cruise. In the three weeks
leading up to the cruise, circulation features were followed on
Global Area Coverage Pathfinder AVHRR data obtained from
the University of Miami’s Rosenstiel School of Marine and
Atmospheric Science. At the University of Cape Town, local area
coverage AVHRR data, obtained from the Satellite Applications
Centre at Hartebeesthoek, acquired by the NOAA-14 satellite,
was processed using the PC-SEAPAK image processing soft-
ware. This AVHRR instrument has a spatial resolution of approx-
imately 1.1 km2 at nadir and provides sea-surface temperature
estimates with an accuracy <0.5°C.12
Sea-surface temperatures
The oceanic environment prior to the cruise, on 5 December
1996, is shown in Fig. 1. The Agulhas Current can be identified
very close to the east coast of South Africa (thick red arrow) by
23–24°C surface temperatures. The current then followed the
eastern side of the Agulhas Bank away from the coast and
meandered, with shear edge features being formed on its
shoreward edge before it retroflected at about 16oE. Here the
circulation indicates that a retroflection loop may have extended
substantially northward while there was a cyclonic movement
on the shelf side of the equatorward intrusion. The latter agrees
with the formation of a lee eddy frequently observed here.13
Such mushroom-shaped intrusions of warm Agulhas water into
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The inter-ocean leakage of heat and salt from the South Indian
Ocean to the South Atlantic has important consequences for the
global thermohaline circulation and in particular for the strength of
overturning of the Atlantic Ocean as a whole. This leakage between
these two subtropical gyres takes place south of Africa. The main
mechanisms are the intermittent shedding of Agulhas rings from
the retroflection of the Agulhas Current and the advection of
Agulhas filaments from the border of the Agulhas Current, both of
which move northwestward into the South Atlantic. The subsequent
behaviour and mixing of Agulhas rings has been much studied over
the past years, that of Agulhas filaments not at all. We report here on
fortuitous hydrographic observations of the behaviour of an
Agulhas filament that interacted with a number of mesoscale
features shortly after formation. This suggests that Agulhas filaments
may be involved in many other circulation elements and not only the
Benguela upwelling front, as was surmised previously, and may mix
out in a very site-specific region.
the South Atlantic, evident here, have been observed before.14
According to Mied et al.,15 mushroom-like patterns of this kind
are likely to result from the immature, or generational, stages of a
vortex dipole. Could the subsequent development of these
features give one an indication about the mixing processes
prevalent here at the time? The series of images given in Fig. 2
shows this subsequent behaviour.
By 9 December (panel A, Fig. 2), the mushroom-shaped feature
evident in Fig. 1 had become distorted. A filament of warm water
was still moving southward along the western edge of the
Agulhas Bank. On the western side of the main intrusion of
warm water the circulation consisted of two cyclonic eddies. The
next day, 10 December (panel B, Fig. 2), the warm water had
protruded about 70 km farther equatorward. By 13 December
the northward flow of warm water in what may be considered
an Agulhas filament had strengthened, judging by the higher
temperatures, the water now coming directly from the Agulhas
Current. The southward flow on the eastern boundary of the
Agulhas Bank had weakened and the most northern part of the
protrusion has broken up into a largish anti-cyclone to the west
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Fig. 1. Sea-surface temperatures (°C) south of Africa on 5 December 1996 (scale in left-hand column). Inferred flow directions of water in the Agulhas Current proper and
its offshoots are shown by red arrows. These temperatures are based on Global Area Coverage data from the RSMAS at the University of Miami.
Fig. 2. A sequence of images of sea-surface temperature showing the detailed development of the circulation features depicted in Fig. 1. Panel A is for 9 December, B for
10 December and C for 13 December 1996. The colour palette was stretched over the temperature range 20–23°C (green to brown) in order to facilitate the recognition of
features (see scale). Black arrows indicate suggested current directions.
and a small cyclone to the east. Wind-driven
upwelling along the coast had weakened, but
along its western side a filament of warm Agulhas
water was being drawn into a cold upwelling eddy
west of Cape Town that is a recurrent feature of the
upwelling front here.17 This complex and rapidly
changing scenario raises an important question.
Was one dealing here with an Agulhas ring, or was
this only an Agulhas filament interacting with a
host of mesoscale features? Observations made
during a research cruise to the region at the time
may give the answer.
By 19 December 1996 (Fig. 3), the features were
well-resolved, the warm water (>20°C) embedded
in a cooler background (≤18°C). Some of the indi-
vidual features evident in Fig. 2 had been separated
by intrusions of colder water. The dominant feature
was a pool of warm water centred on 35°S, previ-
ously identified as an anti-cyclonic eddy, possibly
an Agulhas ring. A shear edge filament on its
south-western side suggests that this interpreta-
tion of its circulation direction is correct. Surface
temperatures varied from 19°C at the outer edges
to 21°C inside this warm eddy. The warm filament
(Fig. 2) on the eastern side of the whole protrusion
and the small cyclonic eddy it had surrounded had
moved westward whereas another part of the fila-
ment was moving along the coastal upwelling
front. Hydrographic stations intersected part of the
anti-cyclonic eddy, the intact cold filament to the
north and the small cyclone at about 16°E (Fig. 3).
This cyclone had surface temperatures of 17°C in its
centre and 22°C in the encircling filament. The
structures to a depth of 1200 m of all these features
are shown in Fig. 4.
Hydrographic section
Six CTD stations (numbers 29–34) were occupied
from 22–23 December 1996. As mentioned above,
XBTs were deployed between CTD stations to in-
crease the spatial temperature coverage. An upper
mixed layer of >20°C is evident down to 100 m on
the temperature profile between CTD 29 and
CTD 31 (Fig. 4). The expected vertical temperature
characteristics of the eastern side of an anti-
cyclonic eddy are shown by the downward slope of
isotherms. The isotherms deepened towards
CTD 29, with the 10°C isotherm indicating an over-
all depression of approximately 315 m with respect
to the estimated edge of the ring (CTD 31). This
is comparable to Agulhas rings observed here
before.18,19 Assuming that CTD 29 represents the
approximate centre of the ring, a radius of at least
110 km can be estimated from combined satellite
and hydrographic information. These observa-
tions agree with that of other Agulhas rings6,20 sur-
veyed near the retroflection region. The distinctive
upward doming of isotherms at CTD 32 is in turn
indicative of the cyclonic eddy identified in Fig. 3. A
100-m rise in the 10°C isotherm is noted at this posi-
tion and the radius for this feature is estimated at approximately
38 km.
Geostrophic velocities between stations were calculated relative
to the 900 db position because most CTD casts were to this depth
or more. Between CTD 30 and CTD 31, a peak westerly flow of at
least 0.65 m/s was calculated for the upper 50 m of the water
column, marking the edge of the anti-cyclonic eddy (Fig. 4). It is
interesting to note that the cold water filament at CTD 31 (Fig. 3)
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Fig. 3. Sea-surface temperatures (°C) west of Cape Town, according to the Advanced Very High
Resolution Radiometer on board the NOAA-14 satellite for 19 December 1996, cover the region
16–18°E, 34–36°S. Note that the colour palette was stretched over the temperature range 18–21°C
to facilitate the recognition of warm features (right-hand scale).The cruise track of the F.R.S.Africana
and the CTD stations occupied during a hydrographic section through two eddies are indicated.
Fig. 4. Vertical section (for location see Fig. 3) showing temperature and geostrophic velocity across
the termination of an Agulhas filament during December 1996. The locations of CTD stations along
the section are given at the top of the diagram and the vertical broken line at CTD 32 indicates a
change in steaming direction.
overlay the edge of the anti-cyclonic eddy
(Fig. 4). This speed is fairly representative
of Agulhas rings relative to 900 db. The
core of the small cyclonic eddy lay at
CTD 32 (Fig. 3), which is evident also from
the current speeds (Fig. 4), which shows a
change of direction at this point. The maxi-
mum speed at the edge of this cyclone,
between CTD 32 and CTD 33 (Fig. 3), was
0.15 m/s southward (Fig. 3). More about
the possible origin of the water masses in
each of these mesoscale features may be
learnt from their individual tempera-
ture–salinity (T–S) characteristics (Fig. 5).
There are a number of distinct water
masses present south-west of southern
Africa, including tropical and subtropical
surface waters, thermocline waters (com-
prising South Atlantic Central Water,
South Indian Central Water and tropical
Atlantic Central Water), Antarctic Interme-
diate Water, North Atlantic Deep Water
and Antarctic Bottom Water.21 A number of
water masses can be identified in Fig. 5:
Antarctic Intermediate Water (AAIW) with
a temperature range of 4–5°C and a salinity
range of 34.32–34.45; Red Sea Intermediate
Water (RSIW) with a temperature range of
4–5°C and salinity >34.5; Central Water (CW) with a tempera-
ture range of 6–16°C and salinity range of 34.44–35.39, although
at a temperature >12°C two discrete T–S curves are evident with
salinity values ranging from 35.04–35.39 and 35.04–35.53, respec-
tively; surface waters which have temperature values >16°C
and salinity values ranging from 35.37–35.60.
In the core of the anti-cyclone, AAIW was found at a depth of
approximately 1025 m, which is close to the depth of 1100 m at
which AAIW is found in the Agulhas retroflection region.21 The
AAIW identified in the cyclone and other water, sampled in close
proximity to the two eddies, was found at a depth of only 800 m.
AAIW is usually present at this depth in the South-East Atlantic
Ocean.21 Indian Ocean AAIW (Agulhas Current origin) has a
salinity value >34.45 and South-East Atlantic Ocean AAIW
(Benguela Current) has salinity values ranging from 34.2–34.5.22
At CTD 14, located on the edge of the anti-cyclone, a salinity
maximum >34.5 was observed in the intermediate water layer
with a potential density in excess of 27.2, indicating the influence
of RSIW.23 Such filaments of RSIW at the edge of Agulhas rings
have been observed on a number of occasions.
It is difficult to distinguish between central waters of the
South-East Atlantic Ocean itself and those advected here by
Agulhas rings and filaments from the Indian Ocean.24 The more
saline CW (>12°, Fig. 5) was observed in the anti-cyclone; fresher
CW represents largely the cold filament, the cyclone and water
outside the warm features. Warmer CW identified in the
anti-cyclone has the characteristics of South Indian Central
Water that has a temperature range of 8–15°C and salinity values
ranging from 34.5–35.5.24 South Atlantic CW has a temperature
range of 6–16°C and salinity values ranging from 34.5–35.5.22
These values agree well with the CW (>12°C) sampled outside
the anticyclone core. This shows that the anti-cyclone was
indeed of Indian Ocean origin and thus without much doubt an
Agulhas ring.
The surface waters also illustrate the different characteristics of
the anti-cyclone, the cyclone and the cold filament. Warmer
and more saline waters are found in the anti-cyclonic eddy. By
contrast, surface waters of the cyclonic eddy (>17°C, ≥35.4)
suggest water of Benguela upwelling water origin.24 The coldest
surface water was found in the cold filament. It suggests that this
water may even have come from the Subtropical Convergence, a
not unlikely occurrence in this region.25
Discussion
Various factors conspired to create the ensemble of mesoscale
circulation elements surveyed by the F.R.S. Africana in December
1996. First, a strong Agulhas filament was observed west of the
Agulhas Bank. The combination of an anti-cyclonic off-shore
Agulhas ring and a cyclonic eddy in the lee of the Agulhas Bank
—both circumscribed by the filament of warm water originating
in the current—resulted in a mushroom-shaped circulation con-
figuration.
All features were subsequently advected in a northward
direction, but rapidly changed their shapes, dispositions and
complexity. On reaching the latitude of Cape Town, a small
cyclone on the landward side of the Agulhas ring was formed.
The water that had flowed southward along the western edge
of the Agulhas Bank became less prominent and a strong
new inflow of warm surface water from the Agulhas Current
occurred. By the time of the cruise (Fig. 3), the different elements
of this circulation had become separated by distinct filaments of
cold water.
In previous investigations3,10 on the eventual fate of Agulhas
filaments it was concluded that they move equatorward along
the shelf edge in a relatively undisturbed way, eventually join-
ing the coastal upwelling front to the north. This case study now
demonstrates that this is not always the case.
The satellite time series (Figs 1 and 2) shows that warm surface
water from the Agulhas Current, on being advected poleward,
was drawn around a large anti-cyclone. The hydrographic and
current speed observations demonstrate unequivocally that this
anti-cyclone was an Agulhas ring. It is clear that the Agulhas
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Fig. 5. Temperature–salinity diagram for circulatory features shown in Fig. 3. Blue dots represent values
measured in the cyclone; red dots indicate values in the anti-cyclonic eddy. Green is modified upwelled
water; water in the cold filament is shown as purple.
filament refurbished the surface layers of the ring with a fresh
insertion of warm surface water from the Agulhas Current.
Second, part of the Agulhas filament was subsequently advected
southward by an eddy in the lee of the Agulhas Bank. Third, the
formation of cyclonic shear edge eddies on the border of the
Agulhas ring and the drawing in of cold shelf waters into such a
feature presents another mechanism for enhanced mixing of
water of an Agulhas filament. Fourth, it is clear that the whole
collection of different eddies became intermingled with filaments
of cold water that may, based on the T–S characteristics of their
waters, have come from the Subtropical Convergence. Last, but
not least, a small part of the warm water of the Agulhas filament
did eventually get absorbed into the frontal region of the coastal
upwelling regime.
Conclusion
All the circulation features observed on this occasion—Agulhas
rings, lee eddies and upwelling front eddies—have been seen
before and are known to a greater or lesser extent. What is decid-
edly novel, however, is the movement and behaviour of the
warm water in an Agulhas filament.
It is clear that the amount of interaction, shearing and defor-
mation observed in this collection of circulation features rapidly
mixed the warm water contribution in the original filament
from the Agulhas Current. If this case study represents the
characteristic mixing processes of this region, it implies that the
anomalous heat and salt contribution to inter-ocean exchange
by Agulhas filaments will be rapidly dissipated in the
southeastern corner of the Cape Basin, near Cape Town, and not
along the coastal upwelling front only. In a certain sense this
parallels the dissipation of Agulhas rings that lose most of their
energy and consistency in the Cape Basin.8 In future investiga-
tions it will be important to establish how representative the
mixing processes shown in this case study are.
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